Following the proposal of [1], multi-particle scattering amplitudes are represented as conserved higher-spin charges. The advantage of such reformulation is that multiparticle amplitudes acquire the form of an integral of a closed form in the correspondence unifying usual space-time with the twistor-like spinor space. This allows one to identify seemingly different formulae for amplitudes in terms of twistor and space-time integrals. Example of tree MHV amplitudes of Yang-Mills theory is considered in detail. Our results are derived using unfolded dynamics formulation of massless fields. In these terms all information on the amplitude is contained in a single function η that, even for lower spin amplitudes, can be interpreted as a higher-spin symmetry parameter. The proposed technique can be useful to relate different approaches to amplitude calculations.
Introduction
The celebrated Parke-Taylor formula for the n-particle color-ordered tree-level maximallyhelicity-violating (MHV) amplitude with i-th and j-th gluons carrying negative helicity has the form [2, 3] A c Here λ a , λȧ with a,ȧ = 1, 2 are two-component spinors representing light-like momenta p aȧ = λ a λȧ, and λ r λ s = ε ab λ ra λ sb , ε ab = −ε ba , ε 12 = 1. Formula (1.2) acquires deep interpretation in terms of the underlying twistor and Grassmannian geometry [4, 5, 6, 7] and led to the discovery of dual superconformal invariance of scattering amplitudes [8, 9] together with the infinite-dimensional Yangian symmetry for planar maximally supersymmetric Yang-Mills theories [10] . Grassmannian integration approach was also applied to calculation of form-factors and off-shell amplitudes [11, 12, 13] . Interesting perturbiner approach of [14, 15] interpret full Yang-Mills theory as a perturbation to its self-dual (SD) sector. Generalization to the interacting conformal higher-spin (HS) fields was proposed in [16, 17] within the twistor framework.
Amplitudes operate with free asymptotic states, i.e., free particles. It is well known that free fields exhibit HS symmetries (see e.g., [18, 19] ). These are generated by HS conserved charges Q η bilinear in dynamical fields C [20] and represented by integrals of an on-shell closed differential form Ω η (C)
over a cycle S in the correspondence space Cor unifying a twistor-like space with spinorial local coordinates y a , y˙a and 4d-Minkowski space-time with coordinates x aȧ [21] . Here parameters η(y, y, x) parameterize charges associated with various (lower-and higherspin) symmetries of the free fields C. That the form Ω η is closed in the correspondence space implies the conservation condition: Q η is independent of local variations of S. In particular, this allows one to compute HS charges in the form of integrals over either twistor-like space with spinorial local coordinates y a , y˙a or Minkowski space. Being bilinear in the fields C usual HS currents describe only two particles and thus are of little interest for scattering amplitudes. However, as shown in [22] , the construction of conserved currents admits a generalization to the multi-particle case with any number of scattering particles. Such currents were argued in [22] to form generators of the so-called multi-particle symmetries [23] underlying multi-particle extensions of HS theories considered in [24] . The aim of this paper is to reformulate scattering amplitudes as multi-particle charges of free fields. The benefit of such reformulation is that it gives an opportunity to formulate scattering amplitudes both as integrals over spinor (twistor) space and as space-time integrals. Note that n-particle currents are not local in the standard sense being defined in the appropriately extended generalized space containing Cartesian product of n two-dimensional SD planes 1 in the complexified Minkowski space (see Section 4) . In other words, multi-particle charges contain multiple space-time integrations.
Let us stress that our proposal is purely kinematical: construction of conserved charges contains functional ambiguity in the parameters η which cannot be fixed at the level of free asymptotic states, giving enough freedom to reproduce known amplitudes in the HS framework. The freedom in η is to be fixed by the dynamical computation in a theory in question, which is not the aim of this paper. Instead we say that, once η is given, representation (1.3) can be used to pass from the representation of the amplitude in the form of twistor integral to that in the form of space-time integral and vice versa. In this paper we identify parameter η associated with tree MHV multi-particle amplitudes. Well known from the HS side (see e.g. [22, 25] ), this approach seems to be novel in application to amplitudes were it can be used to explain equivalence of seemingly unrelated techniques.
The rest of the paper is organized as follows. In section 2 we recall the construction of unfolded equations for free HS fields and their tensor products as well as the construction of conserved charges. In Section 3 we represent MHV amplitudes (1.2) (also for HS fields [26, 27] ) as conserved charges and derive form-factors for gauge-invariant HS field strengths. In Section 4 we derive MHV amplitudes in the framework of generalized Minkowski space [1] where polylocal products of HS fields live. We conclude in Section 5 by discussing general properties of the relation between scattering amplitudes and conserved multi-particle HS charges as well as some perspectives.
2 Free higher-spin fields in the unfolded formalism
Field equations and their solutions
We start with the rank-one unfolded equation [28, 29] 
where x aȧ with spinorial indices a,ȧ = 1, 2 parametrize 4d Minkowski space-time which we denote M 2 , while y a , y˙a are auxiliary variables. For C 1 (y, y|x) being a formal power series in y a , y˙a, equation (2.1) describes dynamics of gauge-invariant field strengths for massless fields of all spins including spins 0, 1/2 and 1 in 4d Minkowski space. The dependence on auxiliary variables in C 1 (y, y|x) can be resolved with the aid of σ − -cohomology analysis, leaving one with primary multi-spinor fields c (x) , c a (x) , cȧ (x) , . . . , c a(2s) , cȧ (2s) , . . . , representing (anti-)self-dual field strengths for spins 0, 1/2, . . . , s, . . . and descendants associated with all their on-shell nontrivial derivatives (see e.g. [29] ).
Upon Fourier transform with respect to variables y a , y˙a, equation (2.1) imposes lightlike-momentum constraint
familiar in the spinor-helicity formalism (see e.g. [4] ) and in the hyper-space approach to HS theory (see [30] for a review). To see that constraint (2.2) indeed implies that p aȧ is light-like it suffices to observe that p 2 = det p aȧ . In fact, massless fields of spins s = 1, 3/2, 2, . . . are described by one-forms (gauge potentials) 
often referred to as Central On-Mass-Shell Theorem. Here H ab = dx aċ ∧ dx bċ , H˙a˙b = dx cȧ ∧ dx cḃ for the Cartesian coordinates of the flat Minkowski space and D is a nilpotent covariant differential, D 2 = 0. Spinorial indices are raised and lowered by the SL(2)-invariant antisymmetric tensors ε ab , ε ab (ε 12 = ε 12 = 1) according to the rules P a = ε ab P b and Q a = Q b ε ba implying P Q = ε ab P a Q b = ε ab P a Q b = P c Q c (the rules for dotted indices are analogous with the bracket denoted by P Q ). In the spin-s sector, (2.4) is equivalent to the following set of differential equations: dW = H aa c aa + H˙a˙a cȧȧ (2.5) for s = 1 and
for s ≥ 3/2. Here θ (n) = 1(0) for n ≥ 0(n < 0). Indices denoted by the same letter are symmetrized. Gauge transformations δW = Dǫ with an arbitrary zero-form gauge parameter
leave (2.4) (equivalently, (2.5), (2.6)) invariant. Equations (2.5), (2.6) thus define the spin-s gauge invariant zero-forms c a(2s) and cȧ (2s) via the ⌊s⌋-th derivative of the field W a(m),ȧ(n) with |m − n| ≤ 1, where ⌊s⌋ is the integer part of s.
As is well known, gauge potentials (2.3) are needed for locality of field interactions. Therefore one-forms (2.3) rather than zero-forms (2.1) serve as the main ingredient for calculation of scattering amplitudes. However in this paper it is more convenient to establish first the correspondence between HS charges and scattering amplitudes in terms of zero-forms. It should be stressed that since amplitudes themselves are not local, the two languages are equivalent. Relation to one-forms (2.3) will be discussed in Section 3.5.
As shown in [31] equation (2.1) can be generalized to tensor powers of HS fields by introducing r ≥ 2 copies of auxiliary variables y a I , y˙a J (where I, J = 1...r) with rank-r fields C r (y, y|x) obeying rank-r unfolded equation
Products of r solutions to (2.1) r I=1 C 1 (y I , y I |x) obviously solve (2.8). The rank-two field C 2 (y, y|x) obeying (2.8) encodes HS conserved currents in 4d Minkowski space [31] . Rank-r > 2 fields (also referred to as higher-rank currents) were introduced in [31, 1] .
Solutions C r (y, y|x) to (2.8) can be expanded into plane waves
Following [20] equation (2.8) can be transformed into a first-order PDE as follows. Consider a partition r = m + m and represent C r (y, y|x) as a half-Fourier transform
where i, j = 1...m and i, j = m + 1...r. Equation (2.8) rewritten in terms of Fourier components g (m,m) has the first-order form
with characteristics λ i a , y˙a i + x aȧ λ i a and λ jȧ , y are functions of characteristics (2.12). We will use plane-wave solutions to (2.11) of the form
with µ Ia and µ Iȧ treated as parameters.
On-shell closed differential forms
Given solution g (m,m) to (2.11) generates an on-shell closed differential 4r-form in Cor 
contains a top form in differentials of characteristics (2.12), while g (m,m) is some function of the same characteristics by virtue of (2.11). As a result, de Rham differential in Cor
More in detail, since g (m,m) solves (2.11), it is a function of characteristics (2.12). As a result, We focus on the plane-wave configuration (2.14) considering Ω (m,m) of the form 19) where η = η λ i , y i ; y j , λ j x is a solution to (2.11). Note that since (2.11) is a firstorder PDE, the product of two its solutions η and χ µ, µ is again a solution. It should be stressed that on-shell closed differential form (2.19) has vast freedom due to the functional parameter η which is also allowed to depend on the plane wave parameters µ Ia , µ Iȧ (2.14).
On the other hand, to preserve translational invariance η is demanded to be free of explicit x-dependence. This is achieved for η depending only on λ ia , λ jȧ and ρ ij (2.13)
Possible dependence on the plane-wave parameters µ Ia , µ Iȧ will be implicit. Integration of (2.19) over a 4r-dimensional hypersurface S ⊂ Cor
gives conserved charge
independent of local variations of S. Our goal is to express multi-particle amplitudes in the form of such charges.
MHV amplitudes 3.1 3-particle amplitude
As mentioned in Introduction, the n-particle color-ordered tree amplitude is given by Parke-Taylor formula (1.1). Our aim is to represent (1.2) in the form (2.21). For 3-particle amplitude with negative-helicity gluons 1 and 2 expression (1.2) gives
To represent this expression in the form (2.21) we set r = 3 with m = 2 and m = 1 and
such that x = 0, using (2.14) and (2.19) we obtain
Integrating out delta-functions this gives
To bring this expression the form of MHV amplitude we change integration variables. Consider expression (2.13)
as a system of linear equations allowing us to express y a 3
and y˙a 1,2 via variables ρ 13 , ρ 23 and ξ˙a i as follows
where ε ik = −ε ki and ε 12 = 1. This allows us to rewrite µ i y i + µ j y j in the exponential of (3.3) in the form
It is also straightforward to calculate the Jacobian
As a result, one arrives at
where
Integration over the variables ρ in (3.8) is performed using the well-known formula [32] 
The factor of δ (4) (F ) in (3.8) implies momentum conservation δ (4) ( I µ Ia µ Iȧ ). Indeed, denote P aȧ = µ ia µ iȧ + µ ia µ iȧ . Then
gives (3.1) up to a numerical factor
MHV n-point function
In the case r = n with m = 2 and
Analogously to the case of 3-particle amplitude consider the change of variables from y a i (2(n − 2) variables) and y˙a i (4 variables) to ρ ij (3.4) (2(n − 2) variables) and ξ˙a i (4 variables) resulting from equations (3.4). Again, this gives parametrization (3.5) and integration measure
The final result is
At n = 4 it reproduces 4-particle amplitude with the fixed ordering of gluons, e.g. 1324, corresponding to the denominator µ 1 µ 3 µ 3 µ 2 µ 2 µ 4 µ 4 µ 1 in (3.16):
Though (3.16) does not match n-particle MHV amplitude for n > 4 directly (cf. (1.2)), using the freedom in the choice of parameter η in (2.21) to set
with fixed spinors µ 3...n,a allows us to reproduce the n-point MHV amplitude for gluon ordering 123...n:
Analogously, it is possible to reproduce the charge Q
µ η (12,3...n) with any other ordering σ(1)...σ(n) parameterized by σ ∈ S n by choosing parameter
Note that except for the cases n = 3 or 4 for the ordering 1324, expressions (3.18) and (3.20) contain momentum variables λ 1,2 in the denominator and therefore the MHV npoint amplitude is reproduced by Q
µ η (12,3. ..n) with non-local parameter η.
MHV 3-point amplitude for higher spins
Let us also consider MHV-like scattering for three massless HS fields with helicities −s 1 < 0, −s 2 < 0 and s 3 > 0 such that s 1 + s 2 − s 3 > 0 [26, 27] . Note that the latter condition implies that spins of particles obey the inequality s 3 < s 1 + s 2 known to play significant role in the context of locality of HS interactions since [33] (see also [34, 35] and references therein). Such amplitude has the form 2 [26, 27] 
2 Construction of HS interaction vertices within the light-cone approach was initiated in [36] . The problem of classification of all HS cubic vertices in flat 3 + 1-dimensional flat space-time was solved in [37] and generalized to any D in [38] .
To reproduce this amplitude we take (3.2) with the modified parameter 
we make use of the following consequence of (3.10) [32] :
This establishes equivalence of (3.23) and (3.21)
Note that spins of particles are controlled by the powers of variables ρ ij in the parameter η (3.22) in agreement with the fact that helicity in HS theory is associated with the difference of degrees of homogeneity of the generating field C 1 (y, y|x) in y and y [29] .
x-space integration
It is also instructive to perform integration of (2.19) over a surface S 2 containing spacetime to show that the result coincides with that for integration over S 1 at x = 0. To this end, for n-particle amplitude (Section 3.2), one has to choose 2(n−2) variables in addition to the 4 variables x aȧ to realize a pullback from 2n variables y a j + x aȧ λ jȧ , y˙a i + x aȧ λ ia (cf. (2.12) and (2.15)). This can be achieved by considering equations (2.13) expressing at given λ ia and λ iȧ 2n variables y, y in terms of 2(n − 2) variables ρ ij and 4 variables ξ˙a i parametrizing solutions to the homogeneous equations at ρ ij = 0 (cf. (3.5) ). This change of variables is non-degenerate for all λ ia , λ iȧ except for the measure-zero set det λ ia = 0.
The shift y
leaves ρ ij invariant (2.13). As a result, integration over x-space is equivalent to the integration over variables ξ (cf. (3.5) and (3.15)) with the following reparametrization
bringing (3.14) to the form
Integration over x-space gives momentum-conservation delta-function, while that over ρ leads to the result (3.16) 
Even in this simplest case the relation between different representations in not obvious unless S 1 and S 2 are regarded as surfaces in the same total space Cor (2,n−2) 2 and each particular representation is obtained via pullback of the on-shell closed differential form (2.15). That differential form (2.15) is closed ensures that the result of integration is insensitive to the change of integration surface within the same homotopy class.
Note that the condition r ≥ 3 is essential for representation (3.28) and expression (3.14) to make sense. This is because 4d momentum-conservation δ-function is ill-defined for r = 2, i.e., for the conservation law δ (4) (p 1 + p 2 ) with both p 1 and p 2 being on-shell. This conforms to the fact [20] that the usual bilinear HS conserved charges with r = 2 are represented as space-time integrals over a 3-dimensional space-like surface with the fourth dimension being compact manifold carrying spin. For higher ranks r ≥ 3 it is possible to perform integration over the four-dimensional x-space to obtain a well-defined expression δ (4) ( r I=1 p I ) for conservation law of the sum of r on-shell momenta (cf. (3.28) ). More in detail, consider the case r = 2 with m = m = 1 with characteristics (2.12)
the "link variable" ρ (2.13) ρ = λ a y a − λȧ y˙a (3.31) and conserved charge (2.21) with η (1,1) = signρ
The easiest way to compute (3.32) is to use the integration surface S 1 ⊂ Cor Delta functions on the rhs of (3.33) express conservation condition for the 3-dimensional space-like projection 3 of the total momentum P aȧ = µ 1a µ 1ȧ + µ 1a µ 1ȧ . Hence, at r = 2 amplitude-like expressions for the conserved charges (2.21) contain 3-dimensional deltafunction as in (3.33). As mentioned in Section 2, r = 2-systems describe bilinear conserved HS charges and therefore expression (3.33) describes free propagation of a particle.
The three-dimensional delta-function in (3.33) can be obtained as a 3d space integral as follows. After integration over λ, λ in (3.32) one is left with the integration of a top-form in characteristics (3.30)
It is straightforward to verify that the pullback of (3.34) to M 2 is zero, while that to any surface S 2 ⊂ Cor
containing a 3d surface in M 2 is
By taking space-like surface in M 2 subject to condition x 11 +x 22 = 0 and parametrization of ρ = µ 11 y 1 (3.31) one arrives at (3.32) in the form (cf. (3.10))
ρ e i x aȧ (µ1a µ 1ȧ +µ 1a µ 1ȧ ) signρ ∝ µ 11 µ 11 (µ 11 µ 11 + µ 12 µ 12 ) δ µ 11 µ 12 +µ 11 µ 12 δ µ 12 µ 11 +µ 12 µ 11 δ µ 11 µ 11 −µ 12 µ 12 +µ 11 µ 11 −µ 12 µ 12 .
(3.36)
Expressions (3.33) and (3.36) are equal under the 3-momentum conservation condition. The above consideration manifests the difference for x-integration between the usual bilinear conserved HS charges (r = 2) and multi-particle HS charges (r ≥ 3) most interesting from the perspective of scattering amplitudes.
Form-factors for field strengths
In this section we explain why scattering amplitudes constructed in terms of gauge potentials (2.3) are reproduced in terms of conserved charges (2.21) originally derived in terms of gauge-invariant field strengths (2.1). Let us first spell out the main idea. By equations (2.6), spin-s field strength is constructed from the ⌊s⌋-th derivatives of the spin-s gauge field. This means that one can pass from field strengths to gauge potentials by a nonlocal transform. HS framework in question contains space-time non-localities in terms of rational dependence of parameters η (2.20) on the variables λ ia and λ jȧ via (2.11). As a result, HS charges corresponding to gauge potentials (2.3) are related to those for field strengths (2.1) by inserting into (2.21) an additional parameter (2.20) containing negative powers of λ ia , λ jȧ . Though technical details may look bulky because of too many indices we present them for completeness.
Since equation (2.8) describes gauge-invariant field strengths (i.e., HS curvatures) [28] , conserved charges (2.21) most naturally represent r-particle correlation functions (form-factors) of normally-ordered field operators as
Here S is S-matrix 4 , C a(n),ȧ(n ′ ) (p) are symmetric spin-tensors in n indices a and n ′ indicesȧ, representing the on-shell derivatives of (anti-)self-dual components of the generalized spin-s Weyl tensors in momentum space. (Anti-)self-duality is determined by sign (n ′ − n) = (+)−. As explained in Section 2. 
where µ a µȧ is light-like momentum and κȧ is an arbitrary reference spinor such that κ µ = 0 (cf. Section 2.1). Then fields (3.38) obey equations (2.5), (2.6) with the generalized Weyl tensors
where n − n ′ = 2s. As a result, gauge potentials (3.38) correspond to the self-dual (SD) projection of free HS fields. Construction of (positive-polarization) anti-self-dual (ASD) counterparts W (+) for (3.38) and C (+) for (3.39) is analogous. Upon quantization negative polarization spin-tensors of W (−) (3.38) and C (−) (3.39), as well as W (+) and C (+) , are equipped with creation and annihilation operators a † ±s ( p) , a ±s ( p) of particular momentum, spin and polarization. Right action of the normal ordered products of field operators produce an out-state dressed with the polarization tensors as follows 
with sign(σ I ) = sign(l I − k I ) (cf. (3.39) ). As a result, form-factors (3.37) are related to scattering amplitudes via dressing with polarization tensors:
For instance, consider correlators for spin-1 field strengths. At the tree level, form-factors containing field strengths are related to the r-particle Parke-Taylor amplitude (1.2) 
Analogous expression for the electromagnetic potential (cf. (3.38) at k = l = 1) reads as
It can be expressed as conserved charge (3.19) via insertion of the additional parameter
We conclude that form-factors for both gauge invariant Weyl tensors and gauge potentials can be represented as multi-particle HS conserved charges (2.21). The action of gauge transformations on potentials (2.3) turns into the action on symmetry parameter η in (2.21) according to (2.7) (for the spin-1 case it amounts to shifting reference spinors
Note that charges (3.46) for Weyl tensors are related to those for gauge potentials (3.44) via a non-local transformation. Namely, for a given momentum p aȧ = µ a µȧ with reference spinors κ a , κȧ consider parameters
Then it is straightforward to see that
This relation justifies application of the multi-particle conserved HS charges (2.21) constructed originally in terms of gauge-invariant zero-forms (2.1) to calculation of scattering amplitudes in terms of gauge fields (2.3). Since zero-forms are related to gauge potentials via space-time differentiation, potentials are reconstructed in terms of zero-forms via a non-local (and gauge-dependent) transformation. In accordance with unfolded equation (2.11) space-time non-locality results from dividing by spinor variables λ ia , λ jȧ (cf. (3.47), (3.48)). Since amplitudes are non-local anyway, such transformations are allowed in this framework.
Generalized Minkowski space
Rank-r equation ( 
with characteristics
Correspondence space Cor
is parametrized by variables x aȧ , λ a and y˙a, dim Cor To bring notations to the form suitable for the diagonal embedding M 2 ⊂ M 2n it is convenient to take characteristics (4.3) in the form
where a,ȧ = 1, 2 and i, j = 1 . . . n enumerate single-particle sectors in M 2 .
To obtain MHV amplitudes (1.2) by integration of (4.4) one has to break S n symmetry acting on single-particle variables (4.5) by permutations. To this end we split index i = 1 . . . n into its 2 values i = 1, 2 and n − 2 values j = 3 . . . n, 5 thus explicitly distinguishing between variables λ ia , y˙a i + x aȧ ij λ ja and λ ja , y˙a j + x aȧ ji λ ia (summation over repeated indices is implied). To obtain the MHV n-point amplitude via pullback of (4.4) to the diagonal Minkowski subspace M 2 ⊂ M 2n it suffices to specify g
parametrized by momentum spinors µ ia , µ iȧ in (4.4) as follows 6) where σ ij = µ iȧ y˙a j +x aȧ jk λ ka . The form of expression (4.6) is analogous to the construction of integration over Grassmannian proposed in [6] . It manifestly breaks S n symmetry. The easiest way to check that integration of differential form (4.4) with solution (4.6) indeed leads to the n-particle MHV amplitude (1.2),
is by choosing integration surface S 1 ⊂ Cor In this case one arrives at the pullback of differential form (4.4), (4.
where H ab i = dx a iċ ∧dx bċ i (no summation over i). Note that, in agreement with [4] , because of δ (λ i − µ i ) in (4.6) integration of (4.9) over λ-variables is straightforward leaving one with multiple integration H ab i µ ia µ ib over n copies of two-dimensional surfaces in M 2 spanned by light-like momenta p i aȧ = µ ia µ iȧ and negative-helicity polarizations ǫ
. To perform integration (4.7) it is convenient to use the following parametrization of two-dimensional planes 10) where κ ia is a constant spinor for each i (no summation over repeated indices i) and z˙a i parametrize the i-th two-dimensional plane in M 2 . The result of integration (4.7) over S 3 , as anticipated, coincides with those over S 1 and S 2 . Since representation (4.9) contains multiple integration over space-time variables, the resulting charge (4.7) is space-time nonlocal. Note that parametrization (4.10) corresponds to a SD plane in the complexified Minkowski space M C 2 such that dx cȧ ( z) ∧ dx cḃ ( z) = 0 for (4.10).
Conclusion
It is demonstrated that relation between conserved HS charges of tensor powers of free massless fields and scattering amplitudes of QFT conjectured in [1] indeed takes place. The rationale behind this is that scattering amplitudes are expressed in terms of free ingoing and outgoing particles. A general form of the amplitude is determined by an arbitrary function η of characteristics of free unfolded field equations which has the meaning of a HS symmetry parameter [22] . Interactions of one or another QFT determine a theorydependent form of η. In particular, parameter η encodes spins of scattering particles (3.22) . That spins of particles are encoded in the HS symmetry parameter via powers of variables ρ (2.13) allows one to apply HS framework in question to lower-spin theories as was explicitly demonstrated for the MHV amplitudes of Yang-Mills theory in (3.13) and (3.19) . A promising novel idea arising from the relation between multi-particle HS charges and scattering amplitudes is that the infinite-dimensional multi-particle HS algebra [23] acts on the space of amplitudes. Therefore, higher symmetries of scattering amplitudes of a given QFT, if exist, can be viewed as embedded into the multiparticle HS symmetries. One problem for the future is to apply the proposed approach to N = 4 SYM. Conserved multi-particle HS charges are represented as integrals of the η-dependent on-shell closed differential form (2.15). Since, a priori, η is an arbitrary function of characteristics (2.12) giving rise to an infinite set of conserved charges our construction is likely to be rich enough to embed all possible scattering amplitudes. Since fields C r (y, y|x) (2.8) describing massless fields in the unfolded formalism encode all their on-shell nontrivial derivatives, one may expect that space-time non-localities 6 that may appear for HS charges are sufficient to reproduce scattering amplitudes represented by rational functions of on-shell momenta p I . This is explicitly checked for the spin-1 Parke-Taylor formula (1.2) and its HS generalization (3.21). The n-point MHV amplitudes with n ≥ 4 were also obtained with the aid of the space-time non-local rational symmetry parameter (3.20) .
A related comment is that, as explained in Section 3.5, instead of working with gauge potentials one can perform computations using gauge invariant field strengths in terms of which the HS conserved charges (2.21) were originally constructed. This is achieved by allowing charges (2.21) to be non-local in the sense that symmetry parameters η are allowed to be rational functions of variables λ ia , λ jȧ .
A remarkable novel opportunity due to application of the unfolded approach consists in representing the multi-particle amplitudes as integrals of a differential form Ω [η] (2.15) closed in the correspondence space Cor (dim Cor > deg Ω) containing both space-time and spinor space as subspaces. To obtain charge (2.21) one can take different cycles S 1 and S 2 in the same homotopy class arriving at different representations of the same conserved charge. The two representations may be seemingly unrelated unless the total space Cor with the closed differential form Ω is brought into play. This construction is anticipated to provide a proper language for relating different approaches in the amplitude calculations even beyond the HS framework. In this article integration was performed both over the cycle S 1 in the spinor (twistor) space (with coordinates λ ia , λ jȧ , y a j , y˙a i (3.14) in Section 2 and λ a , y˙a in Section 3) and over the space-time cycle S 2 (cf. (3.28) ), giving the same result.
Besides usual 4d Minkowski space-time M 2 we have also made use of unfolded formulation in the generalized Minkowski space-time M K of [1] which is appropriate for the description of poly-local products of massless fields. Usual Minkowski space is realized as the 4-dimensional subspace M 2 ⊂ M K via diagonal embedding (see Section 4). The advantage of this approach is that it allows us to treat all single-particle legs of the amplitude 6 Note that within the unfolded approach one should distinguish between space-time non-localities and those in the extended space Cor. For example, rational functions of λ ia and λ jȧ are local in Cor, however they actually represent derivatives in a way symmetric with respect to both spinor and space-time sectors. To distinguish between gluons of opposite helicities in the amplitude one has to take a special solution (4.6) of unfolded equation (4.2) which manifestly breaks S n symmetry permuting singleparticle legs. This generalized framework reproduces the n-point Parke-Taylor formula as well. Moreover, in the generalized Minkowski space M K , n-particle MHV amplitudes can be interpreted as poly-local charges resulting from multiple integration over n copies of self-dual two-dimensional planes in the complexified Minkowski space-time (4.9) .
Note that in the interesting recent paper [42] scattering amplitudes of a theory were represented in terms of differential forms in momentum variables. As a result integration of differential forms elucidates the underlying geometry and controls the structure of amplitudes via singularities. (Somewhat similar situation took place for the calculation of HS conserved charges in flat space in the framework of [20] where a 1 z -singularity in a C-plane had to be inserted to give a non-zero result.) However what is different between the constructions of [42] and of this paper is that we consider on-shell closed differential forms in the correspondence space Cor which unifies space-time and spinor variables (also including momentum spinors λ ia , λ jȧ (2.11)). This allows us to relate different expressions for a given amplitude via deformation of the integration cycle in Cor. Also, the proposed formalism is applicable to amplitudes containing lower and higher spins while that of [42] is straightforward only for s ≤ 1.
Apart from application of the proposed technique to the analysis of lower-spin YangMills-type models, it would be interesting to use it for computation of amplitudes resulting from nonlinear HS equations of [43] . This project becomes realistic after the issue of locality in HS equations has been resolved at least in the lowest orders [34, 35, 44] . A peculiarity of HS theory is that it is consistently formulated in the AdS space-time [45] hence suggesting the computation of flat-space amplitudes starting from AdS. This is somewhat reminiscent of the computations of unitary Minkowski amplitudes starting from conformal twistor string in the framework of twistor geometry [4, 17] demanding reduction to the AdS space. Further extension of the proposed construction to string-like HS theories proposed in [24] is also very interesting.
Let us stress that our approach is applicable to amplitudes of any kind, i.e., not necessarily MHV and/or tree ones. Corrections of all kinds will contribute to the parameter η that determines the form of an amplitude. In particular, it would be interesting to extend our results to NMHV amplitudes and loop corrections (see [46, 7] and references therein), as well as to HS multiparticle amplitudes [26, 47, 17] by reading off the corresponding parameters η from the literature.
Among other problems for the future we mention supersymmetrization of the proposed technique to make it more directly related to the supersymmetric models like N = 4 SYM.
